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Abstract

Several questions recently posed by Inelastic Electron Scanning Tunneling Spectroscopy (STM-IETS) experiments are
clarified. First, the method of calculating inelastic currents as a function of the tip's position and the bias is shown, as well
as how to relate the currents to experimental results. We apply the method to calculate the rotation rate profile of the
acetylene molecule on Cu(100) as a function of the tip's displacement. The fraction of electrons inelastically scattered by the
different vibrational modes of the molecule is calculated also as a function of the bias, in arange of several volts. The results
of the calculation explain why the C—H bending modes were not detected in STM-IETS experiments. © 2000 Elsevier

Science B.V. All rights reserved.
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Several recent experiments [1-4] have proven the
feasibility of measuring inelastic tunneling currents
with spatial resolution using the Scanning Tunneling
Microscope (STM). First, Inelastic Electron Scan-
ning Tunneling Spectroscopy (STM-IETS) has been
achieved by Stipe et al. [1,2]. Also, ‘inelastic tunnel-
ing induced adsorbate manipulation’ (ITM) has been
reported in Refs. [3,4]. On one hand, STM-IETS can
measure the inelastic tunneling fractions due to each
vibrational mode of the molecule. Its limitations are
some lack of sensitivity to detect weaker modes, and
its inability to detect the inelastic fractions at ener-
gies other than the vibrational mode energy (when
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the inelastic channel opens). On the other hand, the
ITM is able to report induced events due to modes
that are not observed in STM-IETS, and it also can
be performed for a continuum range of biases. How-
ever, ITM cannot separate the contributions of differ-
ent vibrational modes. Thus, the two experimental
procedures complement each other, being able to
provide very useful information regarding the inelas-
tic tunneling currents. One important concept for
these experiments is that of ‘inelastic profile’ [5], i.e.
a plot of the inelastic fraction of tunneling electrons
as a function of the tip position. One example has
been given in Ref. [3] by ITM, where the authors
plotted the rate of flips (flips per tunneling electron)
of an acetylene molecule between two equivalent
adsorption orientations, as a function of the tip’s
displacement. Such a ‘rotation rate profile can be
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considered roughly proportional to the fraction of
electrons inelastically scattered by the C—H stretch-
ing mode [3].

After the opening of such new experimental pos-
sibilities, some fundamental questions have arisen.
The main point is, ‘how to study theoretically the
inelastic current problem with spatial resolution’.
The existence of severa vibrationa modes of the
adsorbate also complicates the problem [5]. Some
works have dealt with the inelastic tunneling prob-
lem in different ways, however, to our knowledge
the tip's position dependence of the current has
never been studied. Ref. [6] is a very clear approach
to the physics of the problem, in a ‘ one resonance +
one mode’ model. Presence of several orbitals in the
inelastic interaction has been addressed in Ref. [7].
Ref. [8] also considers a ‘ one orhital’ inelastic cou-
pling model, which is not appropriate in the case of
complicated molecular adsorbates like the one treated
here.

Using an adequate calculational method, we can
try to answer the particular questions posed by the
experiments. 1 — prediction of inelastic profiles,
and 2 — explanation of the relative intensity of the
different modes in IETS. In the case of acetylene on
Cu(100), the first question consists in predicting the
inelastic profile of the molecule and comparing it
with the experimenta rotation rate profile. The sec-
ond question is rephrased as. ‘Why are the C-H
bending modes not visible in STM-IETS? [1,2]. In
what follows we explain the procedure to obtain
elastic and inelastic currents in a unified multiorbital
approach, and then apply it to clarifying these partic-
ular questions posed by the experiment.

We have developed a many-orbital formalism to
describe the inelastic tunneling currents [5]. The
complete Hamiltonian is:
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A localized orbital basis is used for the electrons
(small es) in the electron-vibration (e-vibr.) coupling

part of the Hamiltonian. (2 is the energy of the
vibrational mode. It constitutes a ‘many orbital +
many modes generalization of the Hamiltonian in
Ref. [6].

In Ref. [5], we showed how to obtain the different
elastic and inelastic contributions to the current from
Hamiltonian (1). Let us denote the different vibra-
tional states of the molecule by arrays {n,m,l, ...},
where nm,l,... are the number of excited levels
inthe 1st, 2nd, 3rd, ... vibrationa modes of the
molecule. The total current is I =X, lomi.
where each of the contributions accounts for the
electrons that excite the molecule up to the vibra-
tional state defined by itsindexes. Thus, 1y, isthe
elastic current, i.e. number of elasticaly scattered
electrons per unit time. Similarly, 1,.,/lo0e Means
the fraction of electrons that are able to excite the
molecule to the nth leve of its first vibrational
mode, mith of the second mode, and Ith level of the
third vibrational mode considered. Ours is an inde-
pendent electron approach, in the line of Ref. [9],
therefore valid if the ‘ coherent excitation’ [9] mecha-
nism is applicable (which is the case [3].

The problem can be reformulated in simple scat-
tering terms [5], where the total system is represented
by a series of equivalent systems coupled by inelas-
tic matrices. Recasting the general expression given
in Ref. [5] for the conductances:

g, = %Tr[T TIGO. - Hmn...}
mn.. h t Pelt

X T T Gimn-- 403 3)

The inelastic coupling is included in the Green
function G of the equivalent system described in
Ref. [5]. Ty pTys in Eq. (3) correspond to the
imaginary part of the one electron self-energy func-
tions projected on the molecule and its surface
neighbours, from the side of the tip or the sample.
The inelastic currents at zero temperature can be
obtained as:

E-+eV
Imn...szF Umn(E)
E
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Six modes are considered in this paper: C—-H
stretch, C-C stretch, C—H scissor, C—H wag, C-H
twist and molecule—metal stretch [3]. We calculate
the six inelastic conductances corresponding to the
excitation of one level of each of the modes, namely
T100000: To10000s ELC:

The geometry of the molecule is taken from Ref.
[10] (d, =14 A, de_,, =1 A, d¢ qy = 1.65 A,
¢c_c_y = 116°). To obtain the electronic structure
of the sample we have followed the way described in
Ref. [11]. The LCAO Hamiltonian is set, using the
hopping matrix elements parametrized by Harrison
[12]. They are rotated according to the usual Slater—
Koster procedure [12]. As in Ref. [11], the diagonal
matrix elements are taken so as to obtain the orbital
levels described in Ref. [13]. A Green function tech-

nique [14] has been used to project the electronic
structure of the semi-infinite metal onto the Cu(100)
surface atoms. Then, the molecule is coupled to the
Cu(100) surface. In the parallel direction, a periodi-
cal 3 x 3 surface cell has been used. Self-consistency
has been taken into account by allowing a charge
transfer to the molecule, as calculated in Ref. [10].
The tip has been modeled in the smplest possible
way, in order not to introduce any effects other than
the sample properties. Therefore, a tip apex with
s-orbital symmetry has been considered. The tip's
Green function onto the apex has been chosen as a
constant imaginary quantity, so that the LDOS is
constant in the energy range. An exponential depen-
dence has been assumed for the tip—sample hopping
matrix elements. The exponent for the tip-copper

Fig. 1. Caculated constant conductance STM image of the acetylene molecule on Cu(100). The conductance is calculated in the low bias
limit, V — 0. The white lines indicate the surface net, and the circles mark the positions of molecule’s atoms.



230 N. Mingo, K. Makoshi / Applied Surface Science 162—163 (2000) 227-232

elements is such that the conductance vs. separation
dependence agrees with the potential barrier of the
metal surface. Exponents for the hopping elements
between the tip and the adsorbate atoms are obtained
from the Slater orbitals given in Ref. [15].

First, the elastic image of the acetylene molecule
has been calculated. A dumbbell shape like the one
reported in Refs. [1-3] is obtained. Fig. 1 shows the
image at the O bias limit, for an initial tip surface
separation of 7 A. This is the separation we have
used to calculate the inelastic profiles. The maximum
corrugation is 0.2 A. The position of the atoms is
also shown.

Now, by using the formalism exposed above, we
are able to caculate the inelastic conductances for
any voltage and tip’'s position, in relation with two
kinds of experimental measurements: (1) the direct
measurement of the inelastic fraction for different
modes, by IETS, and (2) the ‘rotation rate’ inelastic
profiles, by ITM.

Let us first study the ITM profiles. The C-H
stretch calculated profile dominates over al the other
modes, in agreement with the experimental results.
The experimental rotation rate profiles (Fig. 2 of
Ref. [3]) can then be compared with the calculation
for oc_psr./ Ouas. (Fig. 23). The profiles have been
calculated keeping the tip 7 A over the surface
atoms, starting at the center of the molecule and
displacing it laterally in a range of 5 A, following
two perpendicular lines: along the molecule's axis,
and perpendicular to it. The profile calculated along
the axis of the molecule is higher that the one on the
perpendicular, in agreement with the experiment.
When the tip is laterally displaced 5 A from the
center, the calculated inelastic fraction decreases by
two orders of magnitude, also in agreement with the
experimental profile. The slight bump shape near the
center of the molecule is due to a sharp decrease of
the elastic conductance (Fig. 1). This feature is more
pronounced in the experiment, and can be attributed
to a higher experimental corrugation. The calculated
value of o¢_pgr /Ouag. 1S @b0ut 20% (about 15% of
the total conductance). The fractions experimentally
measured by STM-IETS are very much tip-depen-
dent, and oscillate between 6% and 12%, being of
the same order of magnitude as our result. Calculated
profiles for other modes are shown in Fig. 2b, for the
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Fig. 2. The inelastic fraction of scattered electrons due to each of
the vibrational modes is plotted as a function of the tip’s latera
displacement, for electrons with E = ER™'®, The 0 displacement
corresponds to the tip located above the center of the molecule.
Solid lines and full symbols: profile along the axis of the molecule.
Dotted lines and hollow symboals: profile along the line perpendic-
ular to the molecule’'s axis. Upper: C—H stretch. Lower: lines:
C—C stretch; squares: C—H scissor + waging; triangles: C—H twist.

low voltage limit. Near the center of the molecule,
the C-C stretching mode's inelastic fraction is 0.3
times that of the C—H stretch. This is an overestima-
tion, being the real ratio smaller, since a 0.3 would
in principle allow the STM-IETS detection of the
C—C mode. A more refined Hamiltonian going be-
yond Harrison’s matrix elements might give a smaller
ratio. Nevertheless, one would not expect a signifi-
cant difference regarding the order of magnitude.
We also show the inelastic profile for the in-plane
H—C bending modes (the sum of both contributions
is shown, to make the figure clearer), and the off-
plane bending modes. All of them are much smaller
than the C—H stretch for low bias and the tip over
the center of the molecule. The aong-axis profile
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(solid lines) is always higher for the C—H stretch
(Fig. 2a) than for the other modes (Fig. 2b). The
perpendicular-to-axis profile (dotted lines) is aso
bigger for the C—H stretch near the center of the
molecule, but the C—C mode becomes stronger when
the tip is laterally displaced further than 2.5 A. The
same takes place for the ‘in-plane’ bending modes
when the displacement is larger than 2.8 A. Whether
or not these modes will begin to determine the shape
of the profile near these distances depends on the
mechanical coupling of each of the modes to the
rotation, being different in each case. Nevertheless, it
could be conjectured the possible influence of the
C—C and in-plane modes in the rotation rate profile
over the perpendicular-axis, raising the curve for
larger tip displacements. This could explain the
dightly higher profile of the experimental points
with respect to the calculated * perpendicular-axis
curve when the tip is displaced more than 2 A. We
would suggest to measure experimentally the rota-
tion rate profiles at a bias lower than the C—H stretch
energy in order to clarify this point.

The second main result of this paper is related to
the STM-IETS measurements. The experimental
STM-IETS [1,2] performed with the tip above the
center of the molecule reported an unobservability of
any modes other than the C—H stretch, the reason for
it remaining as a fundamental question. In order to
clarify this point, we have calculated the inelastic
conductance fractions for the different vibrational
modes, locating the tip over the center of the
molecule, for a bias range of severa volts in both
polarities. Results, shown in Fig. 3, display a striking
difference regarding the qualitative behavior of the
C-H and C-C stretching modes, compared to the
C-H bending modes. While the C-H and C-C
stretching inelastic conductance fractions remain
quite constant in the whole range of energies, the
bending modes present a much more abrupt varia
tion. The inelastic coupling matrix elements calcu-
lated for the bending modes are similar in order of
magnitude to those for the C—H stretch. Therefore,
in principle one could expect their interaction with
electrons to be comparable to the latter. In fact, this
is the case if the voltage is increased severa volts,
however a sharp decrease of their inelastic conduc-
tances happens for energies closer to the Fermi level
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Fig. 3. Dependence of the inelastic conductance for the different
modes as a function of the electron’s energy. The tip is located
over the center of the molecule. The inelastic conductance has
been normalized by the elastic one at the same energy. The elastic
conductance for this tip's position is amost constant along the
energy range, changing just by about a factor of 2. Square: C—H
stretch; diamond: C—C stretch; down triangle: C—H out of plane
bending; up triangle C-H wag; circlee C—-H scissor; cross:
molecule—metal stretch.

of the sample. The explanation for this difference of
the behavior between the bending and stretching
modes has to do with their different interaction with
the molecular levels, regarding the relative signs of
the electron-vibration coupling elements, and is re-
lated to the * many-orbital’ character of the coupling
(details will be published elsewhere). Since the bend-
ing modes energy is in all cases smaller than 0.2
eV, the results shown in Fig. 3 imply that they are
not detectable by STM-IETS. However, their inelas-
tic cross-section becomes bigger for energies several
eV from the Fermi level. Thus, for high biases, they
are expected to contribute to the inelastic scattering
in a larger extent. This could affect the qualitative
shape of the rotation rate profile with respect to
lower biases too, in case the mechanical coupling of
the bending modes to the rotation is comparable to
that of the stretching mode.

The non-detectability of the bending modes for
this system does not exclude the possibility that they
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could be detected for acetylene on other metals.
Although the electronic structure is expected to be
similar, the relative position of the molecular orbital
energy levels with respect to the Fermi level can
change depending on the substrate. This would result
in a different location of the minima in Fig. 3 for
such a system, and a possible higher inelastic cross-
section of some bending modes near the Fermi level.

We have shown how the inelastic profiles of
adsorbed molecules can be calculated and compared
with those experimentaly reported. The calculated
inelagtic profile for the acetylene molecule on
Cu(100) agrees well with the experimental ‘rotation
rate profile’. Calculated profiles for modes other than
the C—H stretch are aso shown. Experimental rota-
tion rate profiles taken at biases smaller than the
C—H stretch energy would help in determining the
relative coupling of those modes to the rotation. We
have reported a qualitatively different behavior be-
tween the bending modes and the C-H and C-C
stretching modes inelastic fraction, as a function of
the energy. This answers the question on the non-de-
tectability of the C—H bending modes while doing
IETS, raised by the experiments. The ability to cal-
culate inelastic currents with spatial resolution as
well as bias dependence has been shown for the first
time. We hope it will stimulate experiments measur-
ing inelastic profiles of adsorbates with spatial and
bias resolution in STM.
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